Estrogen and progesterone regulate proliferation and differentiation of epithelial cells in the female genital tract. We investigated the effects of these hormones on reconstructed human organotypic vaginal epithelial tissue models (EpiVaginal). We ascertained that epithelial cells in the tissue models express estrogen and progesterone receptors. Treatment with estradiol-17b (E 2 ) significantly increased epithelium thickness and transepithelial electrical resistance (TEER), whereas progesterone (P) treatment resulted in thinning of the epithelium and decreased TEER when compared with untreated controls. Exposure to E 2 increased (1) the expression of the progesterone receptor B (PR-B), (2) accumulation of glycogen in suprabasal cells, (3) epithelial differentiation, and (4) the expression of a number of gene pathways associated with innate immunity, epithelial differentiation, wound healing, and antiviral responses. These findings indicate that EpiVaginal tissues are hormone responsive and can be used to study the role of female reproductive hormones in innate immune responses, microbial infection, and drug delivery in the vaginal mucosa.
Introduction
The lower female genital tract provides a physical and immunological barrier to the entry of sexually transmitted pathogens. 1, 2 The vaginal and ectocervical mucosa, which are contiguous and histologically indistinguishable from each other, are both nonkeratinizing, stratified squamous epithelia. The epithelial cells are interconnected by numerous adherens junctions that provide an effective structural barrier to prevent entry of pathogens across the vaginal/ectocervical mucosa. 3 The epithelium also provides innate immune protection against bacterial or viral infection and transmits molecular signals to underlying immune cells following pathogenic challenge. 4 The physical and immunological properties of the vaginal microenvironment are regulated by reproductive hormones that are important in the development and maintenance of tissue structure and function during the menstrual cycle, contraceptive use, and pregnancy. 2, [5] [6] [7] [8] [9] For instance, estrogen (estradiol-17b [E 2 ]) stimulates proliferation of epithelial cells and increases epithelial thickness during the proliferative stage of the menstrual cycle whereas progesterone (P) dominates the secretory phase of the menstrual cycle and promotes maturation of epithelial cells. [10] [11] [12] Administration of high doses of exogenous P to female rhesus monkeys suppressed ovarian production of E 2 and resulted in: (1) increased acquisition of simian immunodeficiency virus (SIV) across the vaginal mucosa, (2) genetic alteration of the virus, (3) increased peripheral viral load, and (4) enhanced progression to disease. 13 Conversely, treatment of macaques with topical or systemic E 2 protected the animals against vaginal SIV transmission. 14 Hence, understanding the effects of reproductive hormones on tissue structure and innate immune responses in the vaginal microenvironment could enhance our knowledge of the pathophysiology of sexually transmitted infections (STIs) and lead to their prevention. [15] [16] [17] Clinical studies which examined the association between contraceptive use and risk of HIV-1 acquisition in women have provided conflicting results. Recent studies from Kenya and Thailand reported an elevated risk for HIV-1 infection among women using the injectable progestin contraceptive depot medroxyprogesterone acetate. [18] [19] [20] [21] [22] [23] [24] Postmenopausal women who have low estrogen levels and a relatively thinned vaginal epithelium were found to be 4-to 8-fold more susceptible to HIV-1 transmission. 25 Hormones may affect HIV infection of the vaginal epithelium through alterations in (1) intercellular junctions and barrier function, (2) innate and adaptive immune responses, (3) activation and migration of immune cells, (4) the pH of the microenvironment, (5) inflammatory responses of epithelial, immune, or stromal cells, and (6) expression levels of cellular receptors for pathogenic organisms. 25, 26 Alterations in vaginal epithelium physiology, structure, and immunological responsiveness by P have been implicated in susceptibility to genital tract infections such as HIV-1. [27] [28] [29] To date, most studies on the effects of reproductive hormones on vaginal tissue structure and susceptibility to STIs have used animal models, explant tissues, and cells in monolayer culture. Caveats in the use of animal models to mimic human vaginal tissue responses include anatomical differences of the reproductive tract, species variations in hormonal responsiveness, and limited susceptibility to human pathogens. [30] [31] [32] For instance, the vaginal mucosa of rodents and macaques contain little glycogen and have a neutral pH, 33, 34 whereas the human vaginal epithelium produces high levels of glycogen which support robust lactobacillus colonization; importantly, the lactobacilli produce lactic acid that creates an acidic vaginal pH. 35 Vaginal explant tissues are unsuitable for studies of hormonal effects on the vaginal epithelium because of their short life span, rapid deterioration in culture, and high degree of intersubject variation. 36 Vaginal epithelial cell monolayers are also unsuitable because they lack normal tissue stratification and differentiation that characterize the in vivo microenvironment. 37 Here we demonstrate the use of human vaginal tissue models, reconstructed from primary human vaginal epithelial cells and fibroblasts, to study the effect of reproductive hormones on the vaginal mucosa. The tissue models mimic their in vivo counterparts in that they express hormone receptors and respond to hormonal stimulation. The hormone-treated in vitro 3-dimensional (3D) vaginal tissue models are anticipated to be valuable tools to address basic biological questions regarding the role of female reproductive hormones in tissue differentiation/ stratification, barrier function, microbial invasion, and innate immunity in the vaginal mucosal microenvironment.
Materials and Methods

Source of Cells for EpiVaginal Tissue Models
Human vaginal and ectocervical tissues were obtained from healthy women of reproductive age (age 37-44) undergoing hysterectomies for benign indications at the Boston Medical Center (Boston, Massachusetts); the tissue procurement protocol was approved by the Institutional Review Board of Boston University School of Medicine. Pieces of tissue were placed in Dulbecco's Modified Eagle's Medium (DMEM; Cambrex, Maryland) containing penicillin streptomycin and gentamycin (10 mg/mL, Cambrex) and processed within 24 hours of surgical removal. The underlying connective tissue was dissected away from epithelial layers and cultured in DMEM plus 10% fetal bovine serum (FBS) at 37 C and 5% CO 2 for isolation of fibroblasts. Epithelial and fibroblast cell isolation and cryopreservation were performed as described previously. 38 
EpiVaginal tissue Reconstruction
Partial thickness vaginal/ectocervical tissue. Cryopreserved epithelial cells from a single donor were thawed and plated into 150-mm culture dishes. When the cell density reached 60% to 70% confluence, the cells were trypsinized, counted, and seeded onto polycarbonate tissue culture treated microporous membrane cell culture inserts (Millipore Corporation, Bedford, Massachusetts). Inserts were cultured at 37 C, 5% CO 2 , 98% rH for 4 days submerged and 7 days at the air-liquid interface using a serum-free differentiation medium (VEC-100-MM, MatTek Corporation, Ashland, Massachusetts) in the presence or absence of hormones to produce the epithelium-only EpiVaginal tissue model hereafter called partial thickness vaginal/ ectocervical tissue (VEC-PT).
Full-thickness vaginal/ectocervical tissue. To mimic the in vivo situation, a tissue model that contains epithelial cells and fibroblasts, referred to as a full-thickness EpiVaginal tissue (VEC-FT) model, was also developed. Briefly, normal fibroblasts were obtained from the human ectocervical tissues by standard collagenase treatment and expanded in DMEM medium containing 10% FBS (DMEM-10). For the preparation of lamina propria equivalents, a collagen solution was prepared by mixing 1.6 mL of 0.1% acetic acid and chilled 10Â Hank's buffer supplemented with phenol red to obtain a final collagen concentration of 3.2 mg/mL. The pH of the collagen solution was adjusted to 7.2 by adding drops of 1 N NaOH. Fibroblasts (in DMEM-10) were added to the collagen solution to obtain a final concentration of 1 Â 10 6 cells/mL. Finally, the collagenfibroblast mixture was poured into tissue culture inserts and allowed to gel by incubating the inserts at 37 C for 1 hour. The gel was equilibrated with 2.0 mL of DMEM-10 and cultured for 24 hours. Thereafter, autologous vaginal-ectocervical epithelial cells were seeded onto the matrix and the epithelial cell/fibroblast matrix was cultured in a manner similar to that used for differentiation of the VEC-PT tissues described previously. 38 The epithelial cell/fibroblast matrices were cultured for 4 days under submerged conditions using proprietary medium formulated at MatTek and then for an additional 7 days at air-liquid interface in medium with or without specific reproductive hormones and are available for purchase. To avoid potential artifacts caused by phenol red and steroid hormones in the culture medium, serumfree, hydrocortisone-free, phenol red-free medium was used in all hormone experiments.
Tissue Model Quality Control: Tissue Standardization and Structural Features
The VEC-FT and VEC-PT tissues used in this study were qualified using a standardized quality control assay. Tissues were exposed to a positive control (1% Triton X-100) and negative control (ultrapure H 2 O) and the resulting tissue viability (as determined using the MTT assay) versus exposure time data were determined. These data were used to calculate the exposure time required to reduce tissue viability to 50% (ET-50). 38, 39 Tissues were used in the present studies only if: (a) the ET-50 for the positive control was >0.7 hour, (b) tissues exposed to the negative control gave an optical density reading >1.0, and (c) the difference in MTT viability between duplicate tissues was <15%. The resemblance of the in vitro reconstructed tissue to the native vaginal-ectocervical tissue has been confirmed histologically using hematoxylin and eosin (H&E) staining as well as ultrastructurally by transmission electron microscopy. 38 Hormones 17b-Estradiol and progesterone were purchased from SigmaAldrich (St Louis, Missouri). Stock solutions were prepared by solubilizing the hormones in absolute ethanol. Aliquots of the diluted hormones were stored at À70 o C. For most experiments, E 2 concentrations of 10 and 100 nmol/L and P concentrations of 100 and 550 nmol/L were used to represent peak menstrual cycle and pregnancy levels, respectively. 40, 41 The high estradiol dose also approximates that used clinically for postmenopausal women. 42 
Histology
The reconstructed VEC-PT and VEC-FT tissues were fixed with 10% formalin overnight. The tissues were embedded in paraffin and sections were cut (5-7 mm thick), stained with H&E, and photographed using a Nikon Diaphot microscope.
Transepithelial Electrical Resistance
Changes in barrier function were quantified using transepithelial electrical resistance (TEER) measurements. TEER monitors the presence of functional intercellular junctions, which are responsible for barrier function and which regulate paracellular permeation of water and solutes. The TEER measurements were made using an EVOM volt-ohmmeter equipped with an Endohm electrode chamber (World Precision Instruments, Sarasota, Florida). The TEER values (reported in ohm Â cm 2 ) were calculated by multiplying raw resistance measurements by the area of the tissue (0.6 cm 2 ).
Immunohistochemistry
To detect expression of estrogen receptor (ER) and progesterone receptor (PR) in the tissues, 5-mm-thick paraffin sections were mounted on glass slides, deparaffinized, and rehydrated using a graded series of ethanols from 100% to 95%, to 70% EtOH made up with molecular grade deionized distilled water. An antigen retrieval protocol was used to unmask reactive epitopes. Sections were immersed for 30 seconds in a citrate buffer (pH 6.0) in a pressure cooker heated to 125 C.
The slides were allowed to cool to room temperature after which they were washed extensively with distilled water and placed in Tris buffered saline containing 0.1% Tween (TBST) for 5 minutes. The sections were incubated for 30 minutes with a serum free protein blocking solution (0.25% casein in PBS, containing stabilizing protein and 0.015 mol/L sodium azide; Dako, Carpintaria, California) which was drained from the sections prior to the application of the primary antibodies. Tissue sections were incubated with a specific antibody directed against the full length a form of ER (ER-a) or against the N-terminal PR (1:20 dilution; Zymed Laboratories, San Francisco, California, now Invitrogen) for 60 minutes at room temperature. Primary antibodies were detected using an alkaline phosphatase detection system (EnVision, Dako: an immunohistochemical visualization system employing goat antirabbit and goat antimouse immunoglobulins conjugated to an alkaline phosphatase labeled polymer) and visualized by incubating the sections with a substrate for alkaline phosphatase (Fast Red, Dako, dissolved in napthol phosphate in Tris-HCL buffer) which stains positive elements in cells red. Visualization of positive cells in the sections was improved by counterstaining in aqueous hematoxylin and mounting in a glycerin-based mounting medium.
Periodic Acid-Schiff's Staining
The Periodic Acid-Schiff's (PAS; Sigma, St. Louis, Missouri) stain was used to localize glycogen within the VEC tissues. Briefly, tissues were fixed with 10% formalin, paraffin embedded, cut into 4-5 mm sections, and mounted on microscopic slides. The sections were deparaffinized, hydrated, oxidized in 0.5% periodic acid solution, and processed as described previously. 38 
RNA Isolation and Quantification
RNA from the tissues was isolated using an RNAqueous kit (Ambion, Inc, Austin, Texas) following the manufacturer's recommendations. The quantity of RNA from each sample was determined spectrophotometrically and the integrity of isolated RNA was checked by agarose gel electrophoresis. This procedure yielded between 10 and 15 mg of highquality total RNA per VEC-FT or VEC-PT tissue; RNA was stored at À70 C to 80 C.
Reverse Transcription Polymerase Chain Reaction for ER-a, ER-b and PR
The primer sequences for ER-a (exons 1-3 and 3-6), ER-b, and PR have been described previously. 43 Total RNA of 130 ng were reverse transcribed using the SuperScript One-step Reverse Transcription Polymerase Chain Reaction (RT-PCR) system with platinum Taq DNA polymerase (Invitrogen, Carlsbad, California) following the manufacturer's recommendations. The thermal cycler was programmed so that complementary DNA (cDNA) synthesis was followed immediately by PCR amplification. The cDNA synthesis was performed by incubating samples with RT-PCR master mix and reverse transcriptase enzyme at 48 C for 30 minutes. Next, the reaction mixtures were heated to 95 C for 6 minutes for the initial PCR activation. This protocol was chosen to minimize nonspecific product amplification. The PCR program utilized 35 cycles of 1 minute duration at 94 C (denaturation), 1 minute (annealing temperature) at 55 C for ER-a, 58 C for ER-b, and 55 C for PR, and 1 minute at 72 C (extension), followed by a final extension at 72 C for 10 minutes, and a hold temperature of 4 C. GAPDH was used as the amplification control. After PCR, the products were resolved on a 2% agarose gel and stained with ethidium bromide. The images were captured using an Ultraviolet transilluminator.
Microarray
Affimetrix Genechip Human Gene 1.0 ST arrays were used to analyze RNA isolated from hormone treated and untreated VEC-PT and VEC-FT tissues. For each treatment group, 4 separate tissues were pooled and homogenized in Trizol. The RNA samples were sent to the Boston University Microarray Core for messenger RNA (mRNA) extraction and microarray analysis. Data analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics resource. 44 Changes of >2-fold in mRNA expression were considered significant.
Quantitative PCR
The cDNA was generated using 1 mg RNA per 20 mL reaction with the High-Capacity cDNA Reverse Transcription Kit (Life Technologies) according to the manufacturer's instructions. TaqMan Gene Expression Assays (Life Technologies inventoried assays catalogue# 4331182; Life Technologies, Grand Island, New York) were used in quantitative PCR (qPCR): KRT20 (Hs00300643_m1), TFF1 (Hs00907239_m1), MUC1 (Hs00159357_m1), GYS2 (Hs00608677_m1), MUCL1 (Hs00536495_m1), and run in an Applied Biosystems 7300 Real Time PCR System according to the manufacturer's instructions. Quadruplicates of 1 mL cDNA from each sample were normalized to 18S expression (Life Technologies) and relative quantification (versus untreated control tissue) was determined by the comparative C T method.
Results
Expression of ER and PR in the Vaginal Tissue Models
Since the actions of E 2 and P are mediated through specific receptors that serve as ligand-inducible transcriptional activators, we examined the expression of ERs and PRs in the VEC-FT and VEC-PT tissue models. Tissues were analyzed by immunohistochemistry (IHC) using specific ER or PR antibodies. Immunohistochemistry demonstrated that ER-a was expressed by epithelial cells in ectocervical explant tissues Figure 1A) . Similarly, ER-a was expressed by epithelial cells in both the VEC-PT and VEC-FT tissue models. Estrogen receptor was expressed in both the basal and suprabasal layers in the VEC-FT tissue model ( Figure 1B ) in a similar pattern to that seen in the ex vivo vaginal tissue (Figure 1A) , however, ER was confined to the basal cell layer in the VEC-PT model ( Figure 1C) . Expression of PR was rarely observed in the epithelial tissue layer and only a few fibroblasts were positive for PR staining (data not shown).
To determine the contribution of fibroblasts to expression of ER-a and ER-b in the vaginal mucosa, tissue reconstructs were made using: (1) fibroblasts only, (2) vaginal-ectocervical epithelial cells (partial thickness VEC-PT), and (3) vaginalectocervical epithelial cells and fibroblasts (full-thickness VEC-FT). RNA isolated from explant ectocervical and endocervical tissues were used as controls. RNA was isolated from these tissues and gene expression levels were determined using RT-PCR. The results showed that: (1) ER-a is expressed by fibroblasts and epithelial cells in the VEC-PT and VEC-FT tissues ( Figure 2A ) and (2) ER-b is not expressed by fibroblasts but is expressed by epithelial cells in the VEC-PT and VEC-FT tissues ( Figure 2B) . Treatment of the tissues with E 2 did not significantly alter the expression of ER-a or ER-b.
To determine whether estrogen up-regulates expression of PR as has been shown in endometrial cells and uterine tissue, 45, 46 RNA was isolated from hormone-treated and untreated VEC-FT tissues and analyzed by RT-PCR. The results showed a concentration dependent up-regulation of PR by estradiol at concentrations >1 nmol/L (Figure 3 ).
Microarray Analysis
To identify genes and pathways affected by hormonal treatment, microarray analysis was performed on hormonetreated VEC-PT and VEC-FT tissues using the Affimetrix Human Gene array 1.0 chip. Microarray experiments confirmed the expression of ER and PR in the vaginal tissue models (Table 1) ; the ER-a, the membrane bound ER, and the PR membrane complexes 1 and 2 were highly expressed in the tissues, whereas the ER-b, the classical PR, and the androgen the VEC tissue models following E 2 treatment. VEC-FT or VEC-PT (VEC-100) tissues were reconstructed for 11 days and then cultured in the presence of estradiol (10 nmol/L) or medium alone for an additional 7 days. Primary fibroblasts were also cultured for 7 days with and without E 2 treatment. RNA was isolated and RT-PCR was performed using specific primer pairs for ER-a and ER-b. Explant endocervical and ectocervical tissues were included as controls. VEC-FT indicates fullthickness vaginal-ectocervical; VEC-PT, partial thickness vaginalectocervical. Figure 3 . Reverse transcription polymerase chain reaction (RT-PCR) results showing expression of progesterone receptor (PR-B) in hormone-treated tissues. Mature VEC-FT tissues (day 11) were exposed to estradiol or progesterone for 7 days. On day 18, RNA was isolated and RT-PCR was performed using specific primers for PR-B. As shown, PR-B expression is upregulated by estradiol but not by progesterone. VEC-FT indicates full-thickness vaginal-ectocervical. receptor were only weakly expressed (Table 1 ). An overview of the number of genes altered by hormonal treatments in VEC-FT and VEC-PT models is presented in Table 2 . The VEC-PT model was more affected by hormone treatment than the full thickness model (eg, 345 vs 113 genes were upregulated by E 2 treatment). Several immune genes were among those affected by E 2 treatment in VEC-PT tissues ( Table 3) . The DAVID 44 analysis was performed to understand the many biological processes involving epithelial differentiation and estrogen responses. In response to treatment with 100 nm E 2 , many processes, molecular functions, and pathways in the VEC-PT tissue were affected including immune response (P ¼ .00013), wound healing (P ¼ .001), regulation of I-kB kinase/nuclear factor (NF-kB) cascade (P ¼ .005), defense response (P ¼ .01), regulation of cell division (P ¼ .01), antiviral response (P ¼ .02), antiapoptosis (P ¼ .02), and immune response-activating cell surface receptor signaling pathway (P ¼ .04). Molecular functions identified included IL1 R receptor binding (P ¼ .003), cytokine activity (P ¼ .01): TGFb2, IL36RA, CCL20, IL23A, IL1a, SECTM1, TNFRSF11B, IL36A, TNFSF11, and growth factor activity (P ¼ .03). Kegg pathways identified included 6 genes representing Fc-gamma receptor (FcgR)-mediated phagocytosis (P ¼ .05). Specific ontology (or vocabulary describing gene products in a species independent manner) of genes downregulated in 100 nm E 2 VEC-PT included positive regulation of cell adhesion (P ¼ .01), negative regulation of cell proliferation (P ¼ .03), cell projection organization (P ¼ .04), protein kinase cascade (P ¼ .04), and other nonoverlapping cytokine activity (P ¼ .04): FAM3B, TNFSF15, IL33, BMP3, BMP7, and CCL28. Kegg pathways identified decreased leukocyte transendothelial migration (P ¼ .03) and O-glycan biosynthesis (P ¼ .04). Therefore, estrogen appears to affect many pathways in these models relevant to innate immunity and cell migration.
Estradiol Progesterone
We confirmed the regulated expression of the following selected genes by quantitative polymerase chain reaction: (1) genes upregulated by hormones in the microarray experiment-Glycogen Synthase 2, Mucin Like 1, Trefoil Factor 1; (2) genes downregulated in the microarray study-Keratin 20; and genes unaffected in the microarray study-Mucin1. Figure 4 shows relative quantification of these genes across treatment groups; 85% of the qPCR data agrees in direction and magnitude with the array data, as would be expected for array validation by qPCR (where one may expect 80% concordance between Array and qPCR data 47 ).
Effect of Hormones on Tissue Thickness and Barrier Properties
To investigate the effect of hormones on tissue architecture and barrier properties, tissues were reconstructed in culture medium supplemented with E 2 or P from the time of seeding (day 0) of the vaginal epithelial cells. After 11 days of culture, the tissues were fixed, cryosectioned, and H&E stained. The thickness of the tissue cross-sections was measured at 10 different locations using a Nikon microscope together with image analysis software (NIS Elements, Melville, New York). Representative tissue histology is shown in Figure 5 . Quantitative tissue thickness and barrier function (TEER) data from 3 individual experiments (N ¼ 3 lots or 3 different patient samples) are summarized in Table 4 . As shown in Table 4 , the average epithelial thickness of the control partial thickness (VEC-PT) tissues was 197 + 12.8 mm versus 276 + 28.7 mm (P value < .001) for the E 2 -treated tissues and 112 + 24.5 mm (P value < .005) for the P-treated tissues. The VEC-PT tissues treated with a combination of estradiol and P (1:1) remained relatively unaffected. As shown, TEER values increased with tissue thickness (eg, E 2 -treated tissues), decreased with decreased tissue thickness (eg, P-treated tissues), and remained unchanged for E 2 -and P-treated tissues (similar to the thickness of the control tissue). The VEC-FT tissue showed similar results: tissue thickness and TEER increased due to treatment with E 2 , decreased due to treatment with P, and were not significantly affected by treatment with E 2 þ P (Table 4 ). In short, estradiol increased epithelial thickness, barrier integrity, and differentiation whereas progesterone alone decreased vaginal barrier thickness and barrier integrity.
To model the highest reproductive hormone levels that are physiologically relevant in vivo, we next investigated the effect of pregnancy levels of E 2 and P 48 and the estradiol level found in topical vaginal cream. The VEC-FT tissues were reconstructed and cultured for 72 hours in medium supplemented with E 2 (80 nmol/L), P (550 nmol/L), and a combination of E 2 and P (E 2 ¼ 80 nmol/L, P ¼ 550 nmol/L). Tissues treated with E 2 (80 nmol/L) were significantly thicker and more cornified than tissues grown in medium without E 2 . In contrast, P-treated tissues developed a less differentiated, thinner epithelium. Treatment of tissues with a combination of P and E 2 resulted in tissue structure that was similar to untreated controls with slight cornification between the glycogen filled and suprabasal cell layers ( Figure 6 ).
Hormones and Glycogen Distribution in the Epithelium
One of the hallmarks of the vaginal epithelium is the accumulation of glycogen in the suprabasal layers. Hence, we investigated the role of female reproductive hormones in the deposition of glycogen in the organotypic VEC-FT model by PAS staining. Results showed the presence of glycogen in the suprabasal and apical but not in the basal cell layers of the vaginal epithelium ( Figure 6A ). As the epithelial cells differentiate and ascend toward the tissue surface, the level of accumulated glycogen increases resulting in intense PAS staining of the apical layers of the epithelium. 35 The E 2 treatment of the tissue model resulted in intense staining for glycogen in the suprabasal cell layers ( Figure 6B ), whereas P-treated tissue had reduced glycogen staining compared to either control or the E 2 -treated tissue ( Figure 6C) . A similar pattern of glycogen distribution also occurred in the VEC-PT tissue model (data not shown).
Discussion
The vaginal/ectocervical epithelium provides a robust physical barrier that prevents entry of microorganisms through the mucosa of the lower female genital tract. Disruption of this barrier can result in increased permeability which ultimately can result in inflammatory conditions and increased susceptibility to infection. 49 Here, we have shown that E 2 increases the thickness of the vaginal epithelium resulting in enhanced barrier function. Also, E 2 -treated tissues showed large increases in the accumulation of glycogen in the suprabasal and apical epithelial cells, similar to effects of estradiol reported for women. 35 Such alterations in the vaginal epithelial morphology and physiology may affect populations of endogenous lactobacilli that depend on vaginal glycogen stores and prevent infection by pathogens by maintaining an acidic pH. Under physiological conditions, different cell types coexist in a 3D format in which they exchange biochemical and mechanical signals (cellular ''cross-talk'') that help determine tissue properties such as differentiation and barrier function. Hence, a full-thickness (VEC-FT) tissue model consisting of a fibroblast-containing lamina propria with epithelial layers was reconstructed to mimic the vaginal tissue microenvironment where cross-talk between epithelial and stromal (fibroblast) cells can be simulated. In order to examine the effect of female reproductive hormones on stromal-epithelial interactions, the VEC-FT tissue was cultured in medium supplemented with reproductive hormones. Morphological and histological analysis showed that E 2 induced tissue thickening and differentiation. Since E 2 does not usually induce as much differentiation in the VEC-PT epithelial tissue model, increased tissue differentiation in the full-thickness model suggests a potential hormone induced cross-talk between epithelial cells and stromal cells. Such features mimic the in vivo situation 52 and make the tissue model more physiologically relevant than monolayer culture systems. In mice, it has been hypothesized that E 2 -mediated changes on uterine epithelial cells were facilitated indirectly via the underlying stroma, which is ER-a positive. 52 As has been described previously, it is also possible that interactions between E 2 and growth factors-growth factor receptors (epidermal growth factor), insulin-like growth factor-I, hepatocyte growth factor, and keratinocyte growth factor might be involved in stromal fibroblast-epithelial cell interactions which can lead to epithelial differentiation, growth, and function. 8 Thus, conditions such as exposure to estradiol that increase tissue thickness and promote cornification are likely to provide a formidable barrier to pathogen entry into the vaginal mucosa when compared to those conditions (eg, P) which decrease the number of epithelial layers or compromise membrane integrity of the tissue.
Although ERs were expressed predominantly by the epithelium, the classical cytoplasmic PR was poorly expressed in the tissue model; however, gene array data showed expression of membrane bound receptors, PR membrane complexes 1 and 2, by the epithelial tissues which may serve as alternative PR in the epithelium. The expression of PR by stromal cells has been reported in endometrial biopsies. 53 Others have also shown the presence of ER-a and ER-b in skin fibroblasts and the coexpression of ER-a with ER-b may indicate an important regulatory function of estrogen in skin. 54 These findings demonstrate that the reconstructed tissue model recapitulates the in vivo type responses and highlight the relevance of the tissue model to study hormone-induced biological changes in the vaginal mucosa. Since hormone signaling is important in a number of disease processes, reconstructed vaginalectocervical tissue could provide useful models to study therapeutic agents that target the ER-a, ER-b, or PR. In addition, these findings indicate that the vaginal tissue model could be used to screen: (1) vaginal formulations and other feminine care products with estrogenic effects, and (2) the safety (toxicity and irritation) and efficacy of therapeutic agents and microbicides against viral, bacterial, and fungal infections that can colonize the female genital tract [55] [56] [57] under various hormonal conditions. Microarray, RT-PCR, and IHC experiments confirmed the expression of ERs and PRs in the VEC models and defined estrogen effects on a number of pathways relevant to innate immunity and cell migration. Noteworthy, is our observation that the VEC-FT was less responsive to hormonal stimulation than VEC-PT. Given that the VEC-FT is comprised of a greater proportion of terminally differentiated epithelial cells making up the physiological stratum corneum (enucleated, glycogen filled cells) as well as basal fibroblasts that promote this cornification, 37 this observation is not unexpected. Cornification slows active growth of cells; the VEC-PT model, after 11 days growth, was thicker but with lower average TEER than the VEC-FT model. In VEC-PT, more genes were altered as observed by microarray, increasing the ability of DAVID analysis to classify them into pathways: several immune genes were upregulated by E 2 treatment of partial thickness tissues such as interferon-induced genes, interleukin genes, cytokines, and cell adhesion molecule endothelial cell adhesion molecule. Upregulated biological processes involving epithelial differentiation and estrogen responses as well as immune response, wound healing, regulation of NF-kB cascade, defense response, regulation of cell division, antiviral response, antiapoptosis, and immune response-activating cell surface receptor signaling pathways according to DAVID analysis. Kegg pathways identified 6 upregulated genes representing FcgR-mediated phagocytosis. Genes downregulated in E 2 VEC-PT included positive regulation of cell adhesion, negative regulation of cell proliferation, cell projection organization, protein kinase cascade, and other nonoverlapping cytokine activity. Kegg pathways classified decreased leukocyte transendothelial migration and O-glycan biosynthesis. These data support enhanced immune defense and impaired leucocyte migration through epithelial tissue following estrogen treatment.
In conclusion, we have developed a vaginal-ectocervical tissue model which expresses ERs and PRs similar to in vivo tissues. The model is hormone responsive as exemplified by the gene array data which show alteration in many biological processes including immunological responses as a result of estradiol treatment. The reconstructed tissue model will have applications in the study of hormonal effects on: (1) tissue stratification and architecture, (2) microbial entry, translocation and transmission, (3) modulation of innate immune responses, (4) tissue barrier function, and (5) drug delivery via the vaginal mucosa. The model will also be useful in preclinical screening of topically applied chemicals and microbicides intended for therapeutic and prophylactic uses. In short, we describe in this manuscript the first hormone responsive human-primary cell based organotypic vaginal/ ectocervical tissue model that can be used to enhance our understanding of the mechanisms by which reproductive hormones affect vaginal morphology and physiological function.
